Billions of animals migrate between breeding and non-breeding areas worldwide. Partial migration, where both migrants and residents coexist within a population, occurs in most animal taxa, including fish, insects, birds and mammals. Partial migration has been hypothesised to be the most common form of migration and to be an evolutionary precursor to full migration. Despite extensive theoretical models about partial migration and its potential to provide insight into the ecology and evolution of migration, the physiological mechanisms that shape partial migration remain poorly understood. Here, we review current knowledge on how physiological processes mediate the causes and consequences of avian partial migration, and how they may help us understand why some individuals migrate and others remain resident. When information from birds is missing, we highlight examples from other taxa. In particular, we focus on temperature regulation, metabolic rate, immune function, oxidative stress, telomeres, and neuroendocrine and endocrine systems. We argue that these traits provide physiological pathways that regulate the ecological and behavioural causes and/or consequences of partial migration, and may provide insight into the mechanistic basis of wintering decisions. They may, thus, also help us to explain why individuals switch strategies among winters. We also highlight current gaps in our knowledge and suggest promising future research opportunities. A deeper understanding of the physiological mechanisms mediating the causes and consequences of partial migration will not only provide novel insights into the ecology and evolution of migration in general, but will also be vital to precisely modelling population trends and predicting range shifts under global change.
Introduction
Across the globe billions of animals from all major taxonomic groups migrate between breeding and non-breeding areas. While migration of entire populations is the most obvious type of migration, a more common form is partial migration. Partial migration is defined as populations containing both migratory and resident individuals (Lack 1943; Gauthreaux 1982; Terrill and Able 1988) , and has been hypothesised to be an evolutionary precursor to full migration (Berthold 1996) . Partial migration exists in a wide array of taxa including fish, insects and mammals (Chapman et al. 2011; Reid et al. 2018) and is particularly widespread among birds (Table 1) . Partial migration provides the opportunity to test general hypotheses of the causes, consequences and adaptations to residency and migration, by comparing migrants and residents within the same population (Adriaensen and Dhondt 1990; Chapman et al. 2011; Reid et al. 2018) . Further, studying partial migration has the potential to provide insight into the evolutionary origins and mechanisms supporting the coexistence of different life history strategies in sympatric taxa (Lundberg 1988; Chapman et al. 2011 ).
Why are some individuals migrants whereas others remain residents?
The causes and consequences of migration and residency within partially migratory populations have been hypothesised to be linked to both intrinsic (e.g. genetic variation) and extrinsic (e.g. access to resources) factors (Schwabl and Silverin 1990; Newton 2008; Pulido and Berthold 2010; Pulido 2011) . From an evolutionary perspective, different life history strategies reflect different adaptations to optimize fitness (Stearns 1976) . If residents have increased residual reproductive success compared to migrants, then residency should be at a selective advantage, leading to fixed residency at the population level. However, if migration results in higher fitness, then migration will be at a selective advantage and eventually become the main and only strategy. If fitness differences between migrants and residents are small or vary across years, then migrants and residents could coexist within the same population, resulting in partial migration (Lundberg 1987 (Lundberg , 1988 Kaitala et al. 1993; Griswold et al. 2011; Pulido 2011; Lundberg 2013 ). If being migratory or resident is not purely strategic, extrinsic factors have been suggested to explain why some individuals migrate and others remain resident. In this case, migration and residency will not yield the same fitness outcome. Depending on the conditions, the state of the individual or the environmental harshness, some individuals have to make do with the best of a bad job (Lundberg 1988; Kokko 2011) . Such conditional strategies are often based on behavioural differences in the propensity to migrate such as individual differences in response to adverse weather, competition for food, pressure from predators, and intrinsic differences associated with age and sex (Ketterson 1979; Schwabl 1983; Able and Belthoff 1998; Coppack and Pulido 2009; Jahn et al. 2010; Fudickar et al. 2013 ). However, the underlying physiological mechanisms, which are crucial to an explanation for why some individuals migrate and others remain resident, have received much less attention. In this review, we aim to summarize and highlight the existing knowledge on some of the key physiological mechanisms that contribute to differences in migratory behaviour in partially migratory populations. We also aim to identify current knowledge gaps and suggest future lines of research that we think will help elucidate the causes and consequences of partial migration.
In our review, we will distinguish between two different partial migration patterns ( Fig. 1 ): all individuals in the population breed in the same area but part of the population migrates from the breeding grounds during the non-breeding season (scenario A , Fig. 1) ; alternatively, the whole population spends the non-breeding season in the same place but some individuals migrate in some years to breed elsewhere, while they remain on the wintering grounds for breeding in other years (scenario B, Fig. 1 ). Following Chapman et al. (2011) , we call these two types of partial migration 'nonbreeding' and 'breeding partial migration', respectively, based on the season in which the population is allopatric (Fig. 1) . Non-breeding partial migration is the most common of the two systems, and unless we explicitly state otherwise, we refer to this system here. Only when studies on the physiological mechanisms do not exist for such partial migratory systems do we consider two related migratory systems. First, systems in which migratory and resident subspecies or populations overwinter together but breed separately. Second, systems of inter-population partial migration, e.g. where sedentary and migratory populations occur in different geographic parts of the distribution range (cf. Dingle 2008). We do not consider these two systems to be examples of true partial migration because, for partial migration to occur, regular gene flow between migrants and residents should exist (beyond dispersal). Therefore, in the case of breeding partial migration, this system also only qualifies as partial migration when migratory individuals readily change strategies between years to become residents. Non-breeding and breeding partial migration can further be divided into obligate partial migration and facultative partial migration (Terrill and Able 1988) . Obligate partial migration refers to individuals that always follow the same strategy (migration or residency) based on their genetic makeup or other endogenous control systems. Those individuals stick to one strategy throughout their life, regardless of their physiological state, environmental conditions or population densities. Facultative (conditional) partial migrants refers to those Table 1 Examples of studies on partial migration illustrating its widespread occurrence among bird families worldwide We emphasize that this list is designed to show the diversity among orders and regions rather than give an exhaustive record of partial migrants. For additional species see, for example, the reviews by Chan (2001) , Jahn et al. (2012) and Boyle (2017) Chan (1995) individuals that select a strategy depending on environmental conditions, their own physiological state or population densities, and is a decision that might differ between years. However, distinction between obligate and facultative partial migration is sometimes difficult and there may be thresholds for these at different developmental stages (Chapman et al. 2011) . Such thresholds of migration might be determined by environmental conditions (Pulido 2011) .
Physiological systems
In the following section, we highlight physiological systems that have been linked to either a cause or consequence of partial migration. We focus on studies that have been done on partial migration systems in birds according to our definition above. Where information is lacking for partially migratory birds, we highlight what is known from other migratory systems or from other animal taxa. To facilitate knowledge transfer to evolutionary biologists and ecologists not familiar with physiology, we begin each section with a short introduction to the physiological system. To suggest avenues for future research, we end each paragraph with an outline of open questions.
Thermoregulation
Thermoregulation is a major challenge during cold winter conditions, especially for small animals. In most nonbreeding partial migration systems, migratory individuals escape cold and harsh environments by migrating to warmer latitudes. We should, therefore, expect resident individuals that endure harsh winter conditions at the breeding grounds to adapt or adjust to facilitate thermoregulation. One such adaptation is increased body size (i.e. resulting in a higher volume:surface ratio), which provides an advantage due to better physiological tolerance of harsh conditions (Ketterson and Nolan 1976) . This results in a latitudinal increase in body size, known as Bergmann's rule, which has recently been verified for mammals (Clauss et al. 2013) . By having a more advantageous surface-volume ratio, large individuals are more cold tolerant as heat is more easily conserved within the body than in smaller individuals. Furthermore, large size also confers an advantage due to increased fasting endurance because the amount of resources that can be stored by the body is directly proportional to body mass, whereas metabolic rate has a less steep relation to body mass. Thus, larger individuals can store larger fuel reserves in relation to metabolic rate than smaller individuals (Calder 1974) . Examples of the thermal tolerance or fasting endurance hypotheses are given by sex-differential migration propensities in species with sexual size dimorphism. In House Finches (Carpodacus mexicanus) the larger sex, i.e. males, are more common among residents at the breeding grounds than females, although females are the dominant sex (Belthoff and Gauthreaux 1991) . Colder and snowier areas were occupied by larger individuals during winter than less harsh environments in Snow Buntings (Plectrophenax nivalis) (Macdonald et al. 2016) , and larger individuals were more likely to be resident in Skylarks (Alauda arvensis) . Female White-Ruffed Manakins (Corapipo altera) are larger than the males, and they tend to be more likely to stay resident compared to males when foraging opportunities deteriorate (Boyle 2008) . Even though the thermal tolerance hypothesis has usually been evaluated in the light of heat conservation, it can just as well be applied to systems where heat dissipation is a problem. In hot environments, large size will be at a disadvantage since a smaller surface area in relation to volume will impede heat dissipation. In such environments, activities such as foraging induce internal, work-related heat production resulting in increased body temperature (Nilsson et al. 2016; Nilsson and Nord 2018) . To reduce the likelihood of overheating, large individuals in particular need to engage in costly thermoregulation with consequences for energy and water balance (Smit et al. 2018) . Amongst bird species, sexual size dimorphism is greatest in the Great Bustard (Otis tarda): males are about 2.5 times bigger than females (Alonso et al. 2009a ). During hot summers at breeding grounds in central Spain, Great Bustards, especially males, are at risk of overheating. Therefore, immediately following the mating season, a high proportion of males migrate to areas with lower mean ambient temperatures (Alonso et al. 2009b ). In line with this, males from breeding areas with high ambient temperatures have a higher tendency to migrate. Thus, this partial migration system seems to be driven by thermal tolerance, but instead of this giving larger individuals an advantage [which was originally suggested by Ketterson and Nolan (1976) ], they actually need to migrate in order to reduce the costs of thermoregulation.
In general, birds adjust their physiological systems as winter is approaching to increase their cold tolerance (Swanson 2010). Such winter acclimatization includes increases in shivering endurance as shivering thermogenesis, primarily in the large flight muscles, is the main way to generate heat in birds. This typically occurs together with an increased summit metabolic rate, resulting in an increase in sustained heat production compared to in the summer (Swanson 2010) . In parallel to physiological adjustments, birds in general adjust their insulation in preparation for the winter by replacing their feathers. The insulating quality of feathers, which results in decreased thermal conductance, increases dramatically after the autumnal moult (Novoa et al. 1994; Cooper 2002) . However, cold tolerance also increases with latitude, both as metabolic adjustments (Khaliq et al. 2017 ) and as decreased thermal conductance (Swanson 1993) . Thus, it is tempting to suggest that residents in partially migrating populations develop increased cold tolerance as a consequence of being sedentary. Alternatively, reduced cold tolerance in some individuals in the same population could explain why they become migrants. Thus, it would be interesting to quantify if resident individuals, particularly among small birds of northern latitudes or high altitudes, differ from migratory individuals in feather quality. If they do, does this have any effect on their reproductive investment during summer, when heat dissimilation could limit metabolism (Nilsson and Nord 2018) ? Or is it possible for them to increase thermal conductance by, for example, losing feathers (as opposed to feather loss in the regular moult and in the formation of the brood patch)?
Few studies have made direct comparisons of cold tolerance, shivering capacity or plumage characteristics between migrants and residents from the same population. Cold tolerance can be estimated by measuring the energetic cost of thermoregulation. This was done for resident and migratory juvenile Blue Tits (Cyanistes caeruleus) from southern Sweden at a nocturnal ambient temperature of 0 °C. Resident males had a significantly lower cost of thermoregulation than resident females or either sex of the migrants . Since around 75% of migrating Blue Tits caught at the ringing station of Falsterbo, southern Sweden, were juvenile females (Smith and Nilsson 1987; Heldbjerg and Karlsson 1997) , and males are dominant to females in this species, the migratory strategy is thought to be conditional on dominance (Smith and Nilsson 1987) . Hence, sub-dominant individuals need to migrate. Additionally, migrating juvenile males hatched later than resident males, indicating that migrants were also sub-dominant within the sex group (Smith and Nilsson 1987) . However, it might also be that late-hatched males had a shorter time to complete their moult. Sub-dominancy and/or time constraints may then result in a compromised moult leading to the production of plumage with low insulating properties (cf. Nilsson and Svensson 1996) in migrating juvenile Blue Tits ). In such cases, migration might be induced in these individuals to enable them to avoid the high thermoregulatory costs that they would face should they remain as residents.
We encourage more studies to investigate variation in cold tolerance among partial migrants. Particularly rewarding might be studies investigating to what degree metabolic adjustments and/or plumage quality could be a consequence of being resident or migratory (in systems based on obligate strategies) or could be a cause (in systems based on conditional strategies) of becoming resident or migratory.
Metabolic rate
Both thermoregulation through long winter nights and migration are energetically costly activities. Consequently it is hard to predict which of the two strategies, viz. residency or migration, is the energetically most demanding. Increased basal metabolic rate (BMR) has been inferred as physiological preparation to sustain high work rates (Nilsson 2002; Swanson 2010) , probably as a result of increased feeding and assimilation. Thus, BMR increases with the need for thermoregulation (Broggi et al. 2007 ) and in preparation for migration [at least for spring migration (Lindström 1997; Swanson 2010) ]. Hence, the periods of peak metabolic rate will differ seasonally between the two strategies. In residents, metabolic rate should be highest during mid-winter (Broggi et al. 2007 ). In migratory individuals, it should be highest during migration (Kersten et al. 1998 ). However, very few estimates of BMR have been conducted on partial migrants during the relevant seasons. To the best of our knowledge, the only study that estimated BMR in both residents and migrants at the same time found that migrating Blue Tits, measured en route, had lower BMR than residents . Thus, according to these data, residents prepare themselves for a future higher sustained work rate than migrants. Alternatively, low BMR phenotypes might have to migrate to escape the high work rate induced by thermoregulation during winter. The reduction in BMR among migrants is contrary to results indicating an increase in BMR in preparation for migration, especially during periods of 'refuelling' (Lindström et al. 1999 ). However, Blue Tits migrate extremely slowly and may mostly use a fly-andforage strategy when migrating (Nilsson et al. 2008) , which can be assumed to be far less energetically costly than traditional flight bouts of migrants. In Three-Spined Sticklebacks (Gasterosteus aculeatus), a high metabolic rate and swimming activity have been related to high levels of thyroid hormones (Kitano et al. 2010) , and migrating individuals had higher levels of these hormones than residents (Kitano et al. 2012) . Potentially, the level of these hormones might also serve as proxies for metabolic rate in birds. Studies comparing metabolic rates or thyroid hormone levels between residents and migrants in different stages of the annual cycle will shed light on the role of metabolic differences in partial migration.
Immune system
The immune system is of fundamental importance for self-maintenance and promotes survival by reducing the probability of disease-related mortality (Roitt et al. 1998 ), but it simultaneously incurs costs in terms of its production, maintenance and activation (Klasing 2004) . These cost-benefit trade-offs make immune function a powerful driver of individual differences in many evolutionary and ecological processes (Hasselquist and Nilsson 2012) . For example, differences in innate immune function translate into different survival probabilities (Wilcoxen et al. 2010; Hegemann et al. 2013b Hegemann et al. , 2015 . Furthermore, trade-offs between reproductive effort and investment into immune function are well documented (e.g. Ilmonen et al. 2000; Ardia et al. 2003, Hasselquist and Nilsson 2012; Hegemann et al. 2013b ). Finally, investment into immune function is adjusted in relation to parasite pressure (Horrocks et al. 2012 (Horrocks et al. , 2015 Hegemann et al. 2012a) . With respect to migration, it has been hypothesised that migrants need to reduce immune function during the physiologically demanding migration seasons (Hasselquist 2007; Buehler and Piersma 2008) . A contrasting hypothesis proposes that migrants need to boost immune function because they encounter more and/or different pathogens during their journeys (Møller and Erritzoe 1998; Buehler et al. 2010) , and high densities of birds on stopover sites can cause high levels of disease transmission (van Dijk et al. 2014) . Finally, the physical activity of migratory flights per se may have possible effects on immune function and hence disease susceptibility (van Dijk and Matson 2016). Partial migration offers an ideal setting to test these hypotheses as residents and migrants from the same population can be compared. The first evidence that residents and migrants within a population of partial migrants differ in innate immune function comes from Skylarks . When measured during the breeding season, birds that migrated the previous winter tended to have higher complement activity, which is part of innate immune function, than birds that were resident in the previous winter. This pattern was consistent across 4 study years supporting the hypothesis that migrants do need to boost their immune function. Survival differences between migrants and residents were also related to differences in innate immune function . In European Blackbirds (Turdus merula), innate immune function differed between residents and migrants when measured during autumn migration at the same time and location (Eikenaar and Hegemann 2016) . In this latter study, migrants had lower parameters of innate immune function compared to residents, which supports the hypothesis that innate immune function is compromised during migration. However, migrants and residents originated from different breeding populations, so the observed differences could also be explained by population-specific patterns. In the Skylark, within-individual data suggested that immune function could potentially even be directly involved in the decision regarding whether an individual remains resident or migrates . Hegemann et al. (2015) Hegemann et al. 2012b Hegemann et al. , 2013a Hegemann et al. , 2018 Sköld-Chiriac et al. 2015) . Consequently, infected individuals might not be able to afford a demanding migration and hence have to become resident. Such a physiological mechanism could also explain why individuals switch strategies between winters. However, the data are correlational and were collected after the winter season, i.e. were only relevant to individuals that survived a winter. Hence, it remains to be tested if differences in immune function are the cause or the consequence of partial migration. Furthermore, differences in pathogen transmission between resident and migratory individuals, and a temporary escape from pathogen pressure in migrants and higher mortality of infected individuals during migration have all been suggested to contribute to the evolution of partial migration (Shaw and Binning 2016; Brown and Hall 2018) . However, empirical studies measuring pathogen dynamics and their corresponding immune responses throughout the annual cycle in both resident and migratory individuals of partially migrating populations are lacking.
Oxidative stress
Oxidative stress results in damage to biomolecules due to an imbalance between damaging pro-oxidants and protective antioxidants in organisms. Enzymatic and non-enzymatic antioxidants normally neutralize free radicals, which are produced in cells as by-products of metabolic processes (Monaghan et al. 2009; Costantini 2014) . If antioxidants are depleted and/or free radicals accumulate, oxidative stress occurs and this can lead to fitness costs (Bize et al. 2008) . Intense physical activities like migration, thermogenesis and fatigue increase oxidative stress (Costantini et al. 2007; Jenni-Eiermann et al. 2014) , probably because reactive oxygen species leak through the mitochondrial membrane as a consequence of a high metabolic rate. Thus, migrants risk suffering from oxidative stress during autumn and spring migrations, whereas residents run this risk during the winter months due to thermogenesis. In a comparison of migratory and resident European Blackbirds caught at the same place and time (although the migrants originated from a different breedingpopulation), Eikenaar et al. (2017) found evidence that migratory individuals invested more in antioxidant defences, probably by producing or ingesting more antioxidants. This suggests that migrants (need to) boost their antioxidant capacity in order to counteract increased pro-oxidant levels due to high activity levels. Apparently, this adjustment successfully prevents oxidative damage, as migrants and residents did not differ in their degree of lipid damage (Eikenaar et al. 2017) . Interestingly, in the same system, migrating Blackbirds had lower parameters of innate immune function compared to residents (Eikenaar and Hegemann 2016) . As immune function and immune responses can cause oxidative stress (von Schantz et al. 1999; Costantini and Moller 2009) , this led to the hypothesis that migrants may need to down-regulate immune function during their energy-demanding migration when oxidative stress is highest (Eikenaar et al. 2018a) . Indeed, when comparing migrating and resident Blackbirds at the same time and place, baseline innate immune function was negatively correlated with antioxidant capacity in migrating individuals, but not in the less energetically and physiologically challenged residents (Eikenaar et al. 2018a ). This suggests that migrants trade-off antioxidant defences with immune function during migration, while residents do not appear to make the same trade-off (Eikenaar et al. 2018a) .
A way for birds to boost their antioxidant capacity (to counteract the negative effects of pro-oxidants) is to selectively forage on antioxidant-rich fruits (Cooper-Mullin and McWilliams 2016) , a behaviour often seen in migrants during autumn (Bolser et al. 2013) . The intake of certain fruit components such as anthocyanins, in particular, likely reduces oxidative stress and additionally stimulates immune responses (Catoni et al. 2008; Cooper-Mullin and McWilliams 2016) . When resident and migratory species were compared, migratory species indeed selected sugar-and antioxidant-rich fruits (Albrecht et al. 2018) , which enhance the build-up of body fat as fuel for migration and are beneficial for oxidative status and immune function (Catoni et al. 2008; Cooper-Mullin and McWilliams 2016) . In contrast, generalist frugivorous residents favoured lipid-rich fruits, which helped to maximize their energy intake (Albrecht et al. 2018) . Hence, in a partially migratory population, one might expect migratory individuals to eat more sugar-and antioxidant-rich fruits just before migration starts than their resident conspecifics. Similar patterns may exist for purely insectivorous species, where migrants could increase their intake of grazing insects, which usually contain more antioxidants than predatory insects. However, to the best of our knowledge, these ideas have not yet been tested. Furthermore, we know very little about the risk of oxidative stress between individuals from the same population that are either resident or migrant, as measured during the relevant season, viz. during mid-winter for residents and during migration for migrants, or on the breeding grounds just after migration has been completed. To the best of our knowledge, this type of study only currently exists for fish. In partially migrating Brown Trout (Salmo trutta), migrating individuals had, on average, higher oxidative stress compared to residents when measured at the spawning grounds shortly after migration (Peiman et al. 2017a ). Antioxidant capacity did not differ between migrants and residents, which suggests that migrants had more pro-oxidants that caused increased oxidative damage. This may have been the result of their recent migration, which would support the hypothesis that migration causes higher oxidative stress in partially migrating individuals. However, Peiman et al. (2017a) also discuss a number of alternative explanations that are not directly linked to the energetic cost of migration. Hence, it remains to be tested in which season the most oxidative stress in partial migrants occurs. In a global warming scenario, it can be predicted that the cost of oxidative stress will be alleviated in residents due to a reduced work rate for thermoregulation, whereas it will stay the same for migrants (if their migration distance stays constant).
Telomeres
Telomeres are repetitive non-coding DNA regions that protect the ends of chromosomes. With each cell division telomeres shorten and if telomeres become too short, cell death occurs (Monaghan 2010 ). Short telomeres and high telomere loss rate have been linked to reduced survival in free-living birds (Salomons et al. 2009; Wilbourn et al. 2018) . High physical activity and the resulting oxidative stress are well-known causes of telomere shortening (Monaghan 2010) . Since both migration (Wikelski et al. 2003) and thermoregulation in cold environments (Broggi et al. 2004; Swanson 2010) are energy consuming and can increase oxidative stress (see section Oxidative stress), it is not straightforward to predict which wintering strategy (migration or residency) accelerates telomere shortening the most. Furthermore, if the different strategies are related to different probabilities of parasite infection (see section Immune function), this may also influence telomere shortening because activation of the immune system can cause 1 3 oxidative stress (Costantini and Moller 2009) and telomere length decreases faster in birds with (chronic) infections (Asghar et al. 2015) . However, telomere length is also positively related to an individual's ability to mount an immune response and fight acute infections (Ilmonen et al. 2008) . If a strategy involves increased telomere shortening, this might also have an effect on an organism's ability to fight pathogens and hence affect disease-related mortality (see section Immune function). Thus, changes in telomeres might have the potential to help us explain survival differences between migrants and residents. Yet, to the best of our knowledge, no study has yet been carried out comparing telomere length or telomere shortening rates between residents and migrants within a partially migrating population. However, in a comparison of two subspecies of Slate-Coloured Juncos (Junco hyemalis) that winter in the same area, first-year migrants had shorter telomeres than first-year residents (Bauer et al. 2016a) . As only migration differed between these birds, this may suggest that telomeres shortened faster among migrating birds. However, the starting length of telomeres and their shortening rate during development were not know for these populations. Hence, it remains to be tested which of the two strategies is connected to the largest risk of telomere shortening, and could potentially help explain physiological mechanisms related to differences in survival between residents and migrants.
Neuroendocrine and endocrine systems
The neuroendocrine and endocrine systems play major roles in the responses of birds to predictable (seasonal) and unpredictable changes in the environment. Measured differences in circulating levels of hormones during autumn and spring indicate that the hormonal mechanisms controlling migration in partially migratory systems might differ for the two seasons, though this has yet to be resolved (Ramenofsky 2011) . Here, we summarize current research on two endocrine systems that have been investigated for their functional role in migration in partially migratory birds: the hypothalamic-pituitary-gonadal axis (HPG) and the hypothalamic-pituitary-adrenal axis (HPA).
With respect to seasonal changes in hormones, in most temperate breeding species, the vernal increase in the duration of daylight (photoperiod) results in the seasonal activation of the avian HPG, the endocrine system that plays a central role in reproduction (Dawson et al. 2001) . The seasonal activation of the HPG results from the release of gonadotropin-releasing hormone by the hypothalamus. This stimulates the pituitary to release follicle-stimulating hormone and luteinizing hormone, which then stimulate the release of testosterone, estradiol, and progesterone by the gonads (Scanes 2015) . Following reproduction, the HPG typically 'shuts down' until the following winter/spring, when the photoperiod begins to increase again. An overlap between the activity of HPG and reproductive hormones with vernal migration has led researchers to ask if reproductive hormones could play a functional role in preparations for, and onset of, migration. While studies on partially migratory birds are limited, the experimental elevation of testosterone in obligate migrants [Dark-Eyed Junco (Junco hyemalis) and Grey Catbird (Dumetella carolinensis)] under a vernal like photoperiodic shift, resulted in increases in migratory condition (fat, mass, and food intake) and nocturnal activity, suggesting a potential role for testosterone in vernal migration (Tonra et al. 2011; Owen et al. 2014) . Early work investigating the potential contribution of luteinizing hormone and androgens to autumn migration found no clear patterns in partially migratory European Blackbirds and Willow Tits (Poecile montanus) (Ekman 1979; Schwabl et al. 1984; Silverin 1984; Silverin et al. 1989; Schwabl and Silverin 1990 ). However, female European Blackbirds with high nocturnal activity in the autumn had higher circulating levels of 5α-dihydrotestosterone (5αDHT) compared to individuals with low nocturnal activity (Schwabl and Silverin 1990) . 5αDHT, which is formed by the conversion of testosterone, binds to androgen receptors, which suggests a potential role for the HPG in autumn migratory behaviour in female partially migratory European Blackbirds. Future work, in particular that which experimentally alters circulating levels of HPG hormones in vernal and autumnal migratory periods, is needed to disentangle their functional roles in migratory strategies in partially migratory populations.
As with the HPG, circulating levels of hormones produced by the HPA vary seasonally in response to predictable changes (McEwen and Wingfield 2003; Crespi et al. 2013 ). The HPA also plays a central role in organismal responses to unpredictable changes in the environment, such as adverse weather conditions and reduced access to food (McEwen and Wingfield 2003) . Changes in levels of the glucocorticoid hormone corticosterone can mediate life history transitions, and support physiology and behavioural transitions that facilitate resource acquisition and energy (Crespi et al. 2013) . Corticosterone levels increase following hypothalamic release of corticotropin-releasing hormone, which stimulates the pituitary to release adrenocorticotropic hormone resulting in stimulation of adrenal secretion of glucocorticoids (Carsia 2015) . It is not surprising, given the role of corticosterone in energy mobilization, that several studies have found that it is elevated during migration in birds (Holberton 1999; Nilsson and Sandell 2009; Eikenaar et al. 2014) . In partially migratory European Blackbirds, migratory individuals had higher fat levels and tended to have higher circulating corticosterone levels compared to resident individuals in the weeks just prior to their autumn departure from shared breeding grounds (Fudickar et al. 2013) . A recent study that compared baseline corticosterone in migrating and sedentary Blackbirds found higher corticosterone in migrants during autumn but not during vernal migration compared to sedentary Blackbirds (Eikenaar et al. 2015) . Other avian species have been found to have elevated corticosterone prior to reproduction, regardless of migratory phenotype. This could explain the lack of difference in corticosterone levels when comparing migrant and resident Blackbirds in early spring (Romero et al. 2006; Fudickar et al. 2016; Bauer et al. 2016b ). Although, as described above, there appears to be a link between corticosterone and autumn migration in birds, the functional role of the former remains unclear. A recent comparison of migrating European Blackbirds to non-migrants captured at the same location in the autumn suggests that corticosterone could play a role in linking departure cues to the decision to depart (Eikenaar et al. 2018b) . Future experimental studies could help provide insight into the mechanistic link between corticosterone and migration in partially migratory bird populations. For example, a recent study on partially migratory Brown Trout found that experimentally elevated cortisol, a major glucocorticoid involved in the stress response in fish, results in advanced seasonal timing of migration in this species (Peiman et al. 2017b) . While correlative studies have led to insight into potential roles for the HPA and HPG in migratory strategies of partially migratory birds, experimentation is still needed to determine causality.
Conclusions and future directions
As outlined in this review, the physiological mechanisms related to the causes and consequences of partial migration remain relatively unstudied and many open questions remain. Despite well-established theoretical models for partial migration (Lundberg 1988; Pulido 2011; van Noordwijk 2016, 2017) , we still do not know which physiological mechanisms control individual wintering decisions (i.e. migration vs. residency), and hence their long-term consequences for survival and reproduction. Furthermore, even though we know that individuals can switch strategies between years (Schwabl 1983; Able and Belthoff 1998; Fudickar et al. 2013; Hegemann et al. 2015) , we still do not understand which mechanisms induce the switch (unless these are linked to the age of birds). So far, mechanisms have often been attributed to 'poor individual quality' without specifying or investigating the underlying physiology of these. Here, we provide several candidate physiological mechanisms that may solve this long-term mystery in partial migration research, but further studies are needed. Furthermore, in partially migratory systems with genetically determined strategies, it is conceivable that the two genotypes will divert in their physiological adaptations to match their different challenges. In the light of ongoing climate change, this may lead to changes in the proportions of migrants and residents. We acknowledge that (the importance of) the suggested physiological pathways might differ between species and environments. Moreover, interactions and dependencies between the different physiological systems might exist (see above). Yet, we do not see this as a disincentive, but rather as a stimulating and exciting challenge for future research.
With recent advances in tracking technology (e.g. Global Positioning System loggers, satellite transmitters, genetic tools) it becomes increasingly possible to follow individuals at high spatiotemporal resolution year-round. Combined with the recent advances in our ability to measure physiological traits in free-living animals, we are now about to enter a period where we are able to make scientific breakthroughs in understanding the physiological mechanisms of partial migration. Understanding the physiological mechanisms underlying partial migration is not only a critical step towards gaining full understanding of the ecological and evolutionary costs and benefits of different wintering strategies, but also regards the evolution of migration. Such improved knowledge is also crucially important for accurately modelling population trends (Gilroy et al. 2016) , for predicting how migratory animals likely respond to a rapidly changing environment due to global change (Klaassen et al. 2012 ) and for developing appropriate conservation strategies (Nathan et al. 2008 ). We anticipate a vibrant future for partial migration research and hope this review will stimulate future research and collaborations to disentangle some of the remaining (physiological) mysteries of partial migration.
